The terminal (1-year-old) shoot of quiescent, twoyear-old balsam fir (Abies balsamea (L.) Mill.) seedlings was ringed with lanolin containing 0, 1 or 10 mg g −1 Ethrel, an ethylene-generating compound, and cultured for 6 weeks under environmental conditions favorable for growth. Bud break and the elongation of the current-year terminal shoot were monitored, and the subjacent previous-year terminal shoot that had been treated with Ethrel was harvested to measure stem radial growth by microscopy, shoot ethylene evolution by gas chromatography, and cambial region indole-3-acetic acid (IAA) concentration by combined gas chromatography--mass spectrometry. Compared with the lanolin controls, Ethrel at 1 and 10 mg g −1 did not affect bud break or longitudinal growth, but stimulated tracheid production and bark increment up to about 2-fold at the application site, though not above or below it. In addition, the 1 and 10 mg g −1 Ethrel treatments increased the cambial region IAA concentration about 3-fold and the evolution of ethylene at least 40-fold at the application site, compared with unwounded portions of both treated and control shoots. The 10 mg g −1 Ethrel treatment also stimulated ethylene evolution about 10-fold, both above and below the application site. However, this stimulation was not associated with an elevation in cambial region IAA concentration. Similarly, the lanolin control treatment increased ethylene evolution at the application site about 10-fold, without affecting the cambial region IAA concentration. Our results suggest that the localized stimulation of radial growth in woody shoots ringed with Ethrel is mediated by an increase in IAA concentration, which in turn is induced by a threshold, abnormally high concentration of Ethrel-derived ethylene.
Introduction
Radial stem growth of both conifers and woody angiosperms is stimulated locally by ringing with 2-chloroethylphosphonic acid (Ethrel), an ethylene generator (Little and Savidge 1987 , Savidge 1988 , Eklund and Little 1995 . The stimulation is manifested in both increased cambial activity, as measured by xylem production, and a greater thickness of bark, due primarily to an increase in the width of the cortex. The Ethrel effect is assumed to be mediated by ethylene, but it is not known whether ethylene acts directly. A direct effect of ethylene on cambial activity is supported by the finding that evolution of ethylene by the stem is higher when the cambium is growing than when the cambium is dormant (Eklund 1990 , 1993b , Ingemarsson et al. 1991b ). Telewski (1990) observed that, in Pinus taeda L., stem diameter was positively correlated with ethylene evolution per unit cambial surface area in seedlings subjected to mechanical stress, and negatively correlated with ethylene evolution per unit fresh weight in unstressed seedlings. Furthermore, considerable evidence suggests that ethylene plays a role in the control of xylem differentiation, both by inducing the activity of enzymes involved in lignification (Miller et al. 1984 , 1985 , Abeles et al. 1989 , Hennion et al. 1992 and by affecting polysaccharide deposition during wall formation (Eklund 1991 , Ingemarsson et al. 1991a ). Alternatively, Ethrel-derived ethylene may indirectly affect cambial growth by interacting with other endogenous phytohormones, in particular indole-3-acetic acid (IAA), a well established promoter of xylem production (Little and Pharis 1995) .
Evidence of an ethylene--IAA interaction is provided by two findings: first, that exogenous IAA promotes the conversion of 1-aminocyclopropane-1-carboxylic acid to ethylene by cambial region tissue excised from Abies balsamea (L.) Mill. stems (Savidge 1988) ; and, second, that Ethrel stimulates tracheid production in A. balsamea cuttings only when applied below a source of endogenous or exogenous IAA (Eklund and Little 1995) . Eklund and Little (1995) found that Ethrel promotes IAA-induced cambial growth if applied in a ring of lanolin near the midpoint of the cuttings, but not when fed in aqueous solution through the basal cut surface. Consequently, they hypothesized that laterally applied Ethrel induces an abnormally high ethylene concentration locally, which indirectly promotes radial growth by causing IAA to accumulate. However, whether ringing a woody stem with Ethrel actually increases the cambial region concentration of IAA has not been investigated, which fact prompted the work reported here. . The day after planting, three groups of 10 seedlings were selected such that the average length of the 1992 terminal shoot (denoted 1-year-old shoot) was the same for each group. The axillary buds on each 1992 terminal shoot were removed with a scalpel and the shoots were ringed with lanolin containing 0, 1 or 10 mg Ethrel g −1
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, which was applied in a 1-cm wide band around the stem circumference, i.e., laterally, after removing the needles and periderm with a scalpel (Figure 1 ). About 0.5 g of lanolin was applied per seedling, after which the application site was covered with aluminum foil. The seedlings were cultured for up to 6 weeks, during which period they were watered and fertilized, as required, to prevent drought and mineral deficiency. Ethylene evolution from the 1992 terminal shoot and bud break in the apical whorl on the 1992 terminal shoot were monitored. A bud was scored broken when needles pierced the sheath of bud scales. At the end of the 6-week experimental period, when current-year shoot elongation had ceased but early wood tracheids were still being formed, the length of the current-year terminal shoot (denoted 1993 terminal shoot) was recorded, and the 1992 terminal shoot was harvested to measure radial growth, ethylene evolution and IAA concentration.
Measurement of radial growth
Radial growth was measured both as bark radial width and as the number of tracheids per radial file produced by the vascular cambium during the experimental period (denoted 1993 tracheid number). The measurements were made at eight equidistant points around the circumference of transverse, handcut sections obtained at the midpoint of the Ethrel application site, as well as 5 cm above and 2 cm below the application site ( Figure 1 ). The sections were stained with an aqueous solution of phloroglucinol in 20% hydrochloric acid and mounted in glycerol. The number of 1993 tracheids per radial file was counted starting from the last-formed tracheid in the late wood of the 1992 annual ring. The measurement included only cells that reacted with the stain, i.e., cells in which lignification had begun.
Measurement of ethylene evolution
Ethylene evolution was measured in a 3-cm segment including the Ethrel application site, as well as in 2-cm segments located above and below the application site ( Figure 1 ). Immediately after harvest, the lanolin was wiped from the application site and the segments placed individually in 8.5-ml glass vials sealed with a rubber stopper that was known not to release ethylene. After incubation at room temperature for 30 min, a period chosen to avoid the production of stress ethylene (Yamanaka 1986 , Morgan et al. 1990 , L. Eklund unpublished results), a 1-ml sample of air was drawn from the head space with a gas-tight syringe and injected into a Varian 3400 gas chromatograph (Varian Canada, Ltd., Mississauga, Ontario) equipped with a flame ionization detector and a 2-m stainless steel column packed with 80 mesh Al 2 O 3 . The N 2 carrier gas flowed at 45 ml min −1 and the temperatures of the injector, column and detector were 200, 65 and 250 °C, respectively, giving a retention time for ethylene of 1.5 min. Ethylene concentration was calculated on a fresh weight basis using a 1 ppm ethylene standard (Valley Oxygen, Fredericton, Canada) after measuring and subtracting the volume of the shoot segment from the vial volume and determining the segment's fresh weight.
Measurement of IAA
The IAA concentration in cambial region tissue was measured in a 3-cm segment containing the Ethrel application site, as well as in 4-cm segments located immediately above and below the application site (Figure 1 ). For each segment, the bark was peeled and both exposed surfaces were scraped with a scalpel, providing differentiating xylem and cambium plus phloem tissues, which were accumulated on ice. The tissue scrapings for each segment were pooled, weighed, immersed in ice-cold 70% methanol containing 0.01 M butylated hydroxytoluene, and stirred vigorously. The interval between excising the segment and placing the scrapings in 70% methanol was about 1 min. After adding [
13
C 6 ]-IAA to serve as an internal standard for quantitation of endogenous IAA, the samples were stored at −80 °C. After pooling the tissues for a particular segment from three trees, IAA was purified and measured as described by Savidge (1990) , except that the methylation step was omitted. The IAA concentration was determined by combined gas chromatography--mass spectrometry (Hewlet-Packard Canada, Ltd., Mississauga, Ontario, Models 5890 and 5970, respectively) selected ion monitoring of the trimethylsilyl derivatives of IAA and [ 13 C 6 ]IAA, focusing on the fragments m/z 202 and 208, respectively. The IAA concentration was calculated from the ratio of the peak areas, after correcting for mass detector response. It was expressed as a concentration on the basis of both fresh weight and dry weight, the latter determined after oven-drying the extracted sample at 70 °C for 24 h.
Statistical analysis
Analysis of variance was applied to each data set, with tree as a random replication. The significance (P ≤ 0.05) of the difference between means was determined with Fisher's Least Significant Difference test.
Results
In seedlings treated with lanolin containing 0 mg Ethrel g −1 (denoted lanolin-treated control), bud break occurred about two weeks after placement in the greenhouse and subsequent shoot and needle elongation progressed normally. At the end of the 6-week experimental period, bark radial growth and tracheid number in these seedlings did not vary along the length of the 1992 terminal shoot (Figure 2 ). The application of 1 or 10 mg Ethrel g −1 lanolin did not affect the rate or degree of bud break, the elongation of the 1993 terminal shoot (data not shown) or radial growth above and below the application site (Figure 2) . However, the width of bark and the number of tracheids produced at the application site were increased by as much as 2-fold, the extent of the increase being positively related to Ethrel concentration. The increase in bark width was evident in the cortex. At the end of the 6-week experimental period, ethylene evolution along the length of the 1992 terminal shoot in the lanolin-treated control seedlings was constant and similar to that in untreated seedlings (data not shown), except for about a 10-fold increase at the lanolin application site (Figure 3 ). This localized increase is attributed to wound ethylene (Abeles et al. 1992 ) produced as a consequence of removing the needles and periderm. The 1 and 10 mg g −1 Ethrel treatments stimulated ethylene evolution at the application site by about 4-and 8-fold, respectively, compared with the lanolin-treated control, and about 40 and 80-fold, respectively, compared with the unwounded portions of lanolin-treated control shoots. The 10 mg g −1 Ethrel treatment also increased ethylene evolution about 10-fold both above and below the application site. Measurements made earlier in the experimental period indicated that Ethrel-stimulated ethylene evolution was evident one day after treatment and that the degree of stimulation measured subsequently did not vary significantly (data not shown).
On both a dry and a fresh-weight basis, the concentration of IAA in the cambial region tissues of the lanolin-treated control seedlings was the same at the application site as above and below it (Figure 4) , indicating that the wounding associated with the removal of the needles and periderm did not affect IAA concentration. In contrast, both Ethrel treatments raised the IAA concentration at the application site about 3-fold. However, neither treatment altered the IAA concentration above or below the application site.
Discussion
Lateral application of Ethrel in lanolin stimulated ethylene evolution from the 1-year-old terminal shoot of Abies balsamea seedlings (Figure 3 ), as observed in comparable experiments with attached shoots of Malus domestica Borkh. cv Winesap (Robitaille and Leopold 1974) and Pinus densiflora Siebold et Zucc. (Yamamoto and Kozlowski 1987) and cuttings of Abies balsamea (Eklund and Little 1995) . The Ethrelinduced stimulation occurred throughout the experimental period and was much greater at the application site than above or below it. Our finding that the 10 mg g −1 Ethrel concentration increased ethylene evolution acropetally and basipetally (Figure 3) indicates that Ethrel, and probably ethylene as well (Eklund and Little 1995) , passed through the cortex at the application site into the phloem and xylem, where it was transported (Foster et al. 1992 , Eklund 1993a ) to the cambial region both locally and at a distance. Thus, increased ethylene evolution from a shoot segment presumably reflected elevation of the ethylene concentration in that segment's cambial region (see also Eklund and Little 1995) , although the exact relationship needs to be determined. The lateral application of Ethrel also stimulated both tracheid production and bark increment (Figure 2) , as reported previously for shoots of Abies balsamea and several other woody species (Little and Savidge 1987 , Savidge 1988 , Little and Eklund 1995 . Radial growth was enhanced at the application site of both 1 and 10 mg g −1 Ethrel, where concomitantly there was about a 3-fold increase in IAA concentration and a 40-and 80-fold increase in ethylene evolution, respectively, compared with unwounded portions of lanolin-treated control shoots (Figures 2, 3 and 4) . However, there was no radial growth enhancement above or below the sites of application of 1 or 10 mg g −1 Ethrel, or at the application site of lanolin without Ethrel, where the IAA concentration was unchanged and where ethylene evolution was stimulated no more than about 10-fold either by Ethrel or by wounding. Previously, we observed that Ethrel increased tracheid production in Abies balsamea cuttings if applied in a lanolin ring near the midpoint, but not when fed basally or apically through a cut surface, even though all three methods of application markedly promoted ethylene evolution (Eklund and Little 1995) . It was also found that exogenous IAA concentration, ethylene evolution and tracheid production were not consistently related, and neither Co 2+ , which decreases ethylene evolution, nor Ag + , an inhibitor of ethylene action, inhibited IAA-induced tracheid production (Eklund and Little 1995) . Other research has shown that raising the cambial region IAA concentration with exogenous IAA or gibberellin A 4/7 promotes tracheid production Little 1990, Wang et al. 1992) , and that bark radial width, particularly cortex increment, is increased in the immediate vicinity of an exogenous IAA source (Little et al. 1990) , where the internal IAA concentration is presumably elevated. We conclude that ringing with Ethrel promotes radial growth in shoots by elevating their IAA concentration, which occurs when the Ethrel-derived ethylene concentration rises above a threshold value. This threshold is assumed to be abnormally high, because it apparently exceeds even the elevated ethylene concentration that is induced in a shoot after it has been wounded.
Ethrel-generated ethylene may increase the IAA concentration in the cambial region by either stimulating IAA biosynthesis, reducing IAA conjugation or catabolism, or inhibiting IAA transport. A stimulatory effect of ethylene on IAA biosynthesis seems unlikely, because Ethrel application did not affect the growth of the current-year shoots, the major source of IAA for the cambial region of one-year-old shoots Little 1987, 1990) , nor did it raise the IAA concentration above the application site (Figure 4) . Furthermore, ethylene treatment has been observed to increase, rather than decrease, IAA conjugation and catabolism (Sagee et al. 1990 ). However, an inhibitory effect of ethylene on basipetal IAA transport is well documented, at least in the stems of herbaceous species and the midrib of leaves (Suttle 1988) . Thus, we speculate that when laterally applied Ethrel increases the ethylene concentration above a threshold value, the basipetal IAA movement that occurs in the cambial region (Little and Pharis 1995) is inhibited, thereby increasing the IAA concentration locally. If so, the inhibitory effect is presumably small and cumulative, because the IAA concentration below the Ethrel application site was not reduced (Figure 4 ). In addition, the finding that the 10 mg g −1 Ethrel treatment, compared with the 1 mg g −1 treatment, increased the evolution of ethylene, but not the concentration of IAA, at the application site (Figures 3 and 4) , suggests that there is a second, higher threshold concentration of ethylene, above which not only IAA transport is inhibited, but also IAA conjugation or catabolism, or both, are enhanced. However, whether laterally applied Ethrel affects IAA movement and metabolism in shoots of woody species remains to be demonstrated.
